Abstract This study attempts to clarify whether intensity of exercise influences functional sympatholysis during mild rhythmic handgrip exercise (RHG). We measured muscle oxygenation in both exercising and non-exercising muscle in the same arm in 11 subjects using near infrared spectroscopy (NIRS), heart rate, and blood pressure. We used the total labile signal to assess the relative muscle oxygenation by occlusion for 6 min. Subjects performed RHG (20 times/min) for 6 min at 10%, 20%, and 30% of maximal voluntary contraction (MVC) at random. We used a non-hypotensive lower body negative pressure (LBNP) of Ϫ20 mmHg for 2 min to elicit reproducible enhancement in muscle sympathetic nerve activity (MSNA) at rest and during RHG. LBNP caused decreases of 16.4% and 17.7% of the level of muscle oxygenation at rest (pre) in exercising (forearm) and non-exercising (upper arm) muscle respectively. Muscle oxygenation in non-exercising muscle with the application of LBNP during RHG did not change significantly at each intensity. In contrast, the decrease in muscle oxygenation in exercising muscle attenuated progressively as exercise intensity increased (10% MVC 8.8Ϯ2.8%, 20% MVC 7.1Ϯ2.0%, 30% MVC 4.6Ϯ3.0%), when LBNP was applied during RHG. The attenuation of the decrease in muscle oxygenation due to LBNP during RHG at 10%, 20%, and 30% was significantly different from that at rest (pϽ0.01). These findings indicate that functional sympatholysis during mild RHG might be attributed to exercise intensity.
Introduction
The culture of exercise and sport in modern society is seen as a way to improve quality of life. Clarifying the blood flow adjustment mechanism during exercise leads to an understanding of the quality of exercise, and the enjoyment of the exercise. During exercise it is essential for muscle to receive an adequate blood supply, and it is known that muscle perfusion is regulated by local vascular control mechanisms. Studies in both animals and humans suggest that metabolic vasodilatation counteracts the normal ability of sympathetic nerves to cause vasoconstriction in exercising muscle (Remensnyder et al., 1962; Rowlands and Donald, 1968; Strandell and Shepherd, 1967 ). An attenuated response to a given vasoconstrictor stimulus in exercising muscle, when compared with the response in non-exercising muscle, is known as functional sympatholysis (Hansen et al., 2000; Hilton et al., 1959; Remensnyder et al., 1962) . Rowell (1993) and O'Leary (1991) have argued that functional sympatholysis is merely a mathematical artifact resulting from the use of vascular resistance as the conventional measurement of vascular tone. It is believed that vascular conductance is linearly related to blood flow and this has been proposed as a more accurate index of change in vascular tone during changes in muscle blood flow (Lautt, 1989; O'Leary, 1991) . Some animal studies using vascular conductance to express changes in vasomotor tone demonstrated attenuated vasoconstrictor responses in exercising muscle, refuting the argument that functional sympatholysis is merely a mathematical artifact (Thomas et al., 1994; Thomas et al., 1997; Thomas and Victor, 1998) . In humans, a major obstacle to studying functional sympatholysis has been the difficulty in measuring blood flow in exercising muscle. Hansen et al. (1996) used near infrared spectroscopy (NIRS) to investigate the local effect of sympathetic neural activation on muscle oxygenation in exercising muscle in humans. They estimated the sympathetic vasoconstrictor responses in exercising muscle indirectly using NIRS. Besides, Fadel et al. (2004) reported that a high correlation is observed between muscle oxygenation measured by NIRS and blood We attempted to evaluate functional sympatholysis using a NIRS device with two channels, because responses in the microcirculation of both exercising and non-exercising muscle in the same arm can be evaluated at the same time. Furthermore, we aimed to clarify the relationship between functional sympatholysis in exercising muscle and exercise intensity.
Effect of Exercise

Methods
Subjects
Eleven healthy volunteers (nine male and two female), 18-40 years of age (mean age 28Ϯ3 yr), participated in this study. Voluntary consent to participate was obtained from all subjects, who were informed of the purpose of the experiment, the procedure, and possible risks, which gained the approval of our institutional ethics committee.
Heart rate and blood pressure
Heart rate (HR) was monitored with a heart rate counter (AT-601G NIHON KOHDEN, Japan). Blood pressure (BP) was measured by the oscillometric technique with a monitor (STBP-780, NIHON COLIN, Japan). Mean arterial blood pressure (MABP) was calculated at 1 min intervals as: diastolic BPϩ1/3 (systolic BP-diastolic BP).
Muscle oxygenation by near infrared spectroscopy
NIRS was used to measure changes in tissue concentration of oxygenated hemoglobin (O 2 Hb). NIRS measurements were obtained using the NIRO-300 (Hamamatsu Photonics K.K., Japan) with wavelengths of 775, 810, 850, and 910 nm. NIRS signals were sequentially sampled with a sampling time of 1.0 s. The optodes were placed over the flexor digitorum profundus muscle of the left arm, which is the main muscle recruited during handgrip exercise (Fleckenstein et al., 1992) , and over the biceps brachii muscle of the same arm. Both the light and the detector were firmly attached to the skin by a black folder ϳ4.0 cm apart for optimal reflectance measurements. The maximal change in the NIRS signal, termed the total labile signal (TLS), was determined in each experiment as the difference between baseline and complete deoxygenation produced by inflation of a pneumatic cuff at the level of the brachial artery to 240 mmHg for 6 min in resting muscles. Responses to lower body negative pressure (LBNP) and exercise were determined by calculating the difference between oxygenation determined at 10 s of baseline immediately preceding the onset of stimulation and during the last 10 s of stimulation. Changes in the NIRS signals are expressed as a percentage of TLS.
Rhythmic handgrip exercise
Rhythmic handgrip exercise (RHG) was performed with a custom-made handgrip dynamometer connected to a force transducer (TU-8, KYOWA, Japan). Force output from the handgrip device was displayed on an oscilloscope (DS-8812, IWATSU, Japan) to provide the subject with visual feedback. With the subjects in the supine position, maximal voluntary contraction (MVC) was determined before the experiments began. Subjects performed RHG for 6 min with the left hand to the rhythm of a metronome (20 times/min). Three exercise intensities of RHG (10%, 20%, and 30% MVC) were used because at under 33% MVC RHG does not engage the muscle metaboreflex and does not increase muscle sympathetic nerve activity (MSNA) (Saito, 1986; Victor et al., 1987a) .
Lower body negative pressure
Venous pooling was produced by application of negative pressure to the lower body, which was enclosed in an airtight chamber to the level of the iliac crests. The pressure inside the chamber was measured with a transducer (PDV-70GA, KYOWA, Japan). LBNP at Ϫ20 mmHg was selected because low levels (i.e., Ϲ Ϫ20 mmHg) of negative pressure had previously been utilized to reduce central venous pressure without altering arterial or pulse pressure, thereby unloading only cardiopulmonary baroreceptors and producing reproducible increases in MSNA (Jacobsen et al., 1993; Johnson et al., 1974; Victor and Leimbach, 1987b; Zoller et al., 1972) .
Data collection
All data of HR, BP, NIRS, force output of RHG, and LBNP were recorded continuously using a multi-channel digital data recorder (Power Lab/16SP, AD Instruments Inc., Australia).
Experimental protocols
HR, BP, and signals of NIRS were measured for 2 min each before, during, and after application of LBNP at Ϫ20 mmHg in order to determine whether decreases in oxygenation of both resting forearm and upper arm muscle are mediated by reflex sympathetic vasoconstriction during the application. The next protocol was to demonstrate functional sympatholysis, i.e., that the ability of reflex sympathetic vasoconstriction to cause reduction in muscle oxygenation is attenuated when the muscle undergoes mild rhythmic exercise. RHG was performed at 10%, 20%, and 30% MVC for 6 min randomly. LBNP was applied during the third and fourth minute of each 6-min exercise period. HR, BP, and signals of NIRS were measured while RHG.
Data analysis
Statistical analysis was performed using the analysis of variance with Scheffe's post hoc test to detect values that were different from baseline values. pϽ0.01 was considered significant. Data are expressed as meanϮSEM.
Results
A typical recording of rhythmic handgrip force output, HR, oxygenation in forearm, oxygenation in upper arm, and LBNP is presented in Fig. 1 . Although muscle oxygenation in non-exercising muscle (upper arm) decreased with LBNP during RHG, muscle oxygenation in exercising muscle (forearm) did not decrease with LBNP.
There were no significant changes in HR during LBNP at rest (pre and post), during exercise at 10%, 20%, and 30% MVC, and with LBNP during RHG at 10%, 20%, and 30% MVC. MABP increased significantly during exercise at 20%, and 30% MVC, with LBNP at 20%, and 30% MVC (pϽ0.01) (Fig. 2) .
There are no significant changes in non-exercising muscle from rest values. Muscle oxygenation in exercising muscle with LBNP decreased by 16.4Ϯ2.0% (pre) and 18.6Ϯ1.9% (post) of the TLS at rest. However, the decrease in muscle oxygenation attenuated progressively as exercise intensity increased; when LBNP was applied during RHG at 10%, 20%, and 30% MVC, it decreased to 8.8Ϯ2.8%, 7.1Ϯ2.0%, and 4.6Ϯ3.0% of the TLS respectively. The attenuation of decrease in muscle oxygenation with the application of LBNP during RHG at 10%, 20%, and 30% MVC was significantly different from the rest (pϽ0.01) (Fig.3) .
Discussion
During constant metabolic conditions, changes in muscle oxygenation by NIRS can be used to reliably assess sympathetic vasoconstriction in both resting and exercising muscle (Fadel et al., 2004) . This study confirms that functional sympatholysis can be detected in exercising muscle by NIRS. We attempted to evaluate muscle oxygenation in both exercising and nonexercising muscle at the same time in the same arm. The observed exercise-induced decrease in muscle oxygenation is localized in muscle that is being exercised. Furthermore, the present study indicated that functional sympatholysis during mild RHG with constant metabolic condition is exerciseintensity dependent.
The blood flow in exercising muscle is regulated by the degree of metabolic stimulation and the degree of sympathetic activation of the muscle. Nonhypotensive LBNP evoked reflex decreases in forearm blood flow and increases in forearm vascular resistance that were accompanied by decreases in muscle oxygenation (Hansen et al., 1996) . In our investigation, LBNP caused decreases in muscle oxygenation in both forearm and upper arm muscle at rest. In spite of the fact that muscle oxygenation in non-exercising muscle with application of LBNP decreased, the decrease in muscle oxygenation in exercising muscle in the same arm with application of LBNP attenuated during mild RHG. These findings demonstrate that sympathetic vasoconstriction in exercising muscle is blunted, and blood flow in exercising muscle is maintained locally. Thomas et al. (1994) suggested that sympathetic vasoconstriction is abolished during maximal contraction of highly glycolytic muscle, and that functional sympatholysis is caused mainly by inhibition of a 2 -adrenoceptor mediated vasoconstriction in rats. Rosenmeier et al. (2003) used a pharmacological technique in humans to show that vasoconstrictor responses mediated via both postjunctional a 1 -and a 2 -adrenergic receptors are attenuated in exercising muscle. Moreover, Thomas et al. (1997 Thomas et al. ( , 1998 ) demonstrated in animal experiments that functional sympatholysis may be mediated by exercise-induced activation of ATP-sensitive potassium channels and nitric oxide. In contrast, Dinenno and Joyner (2003) demonstrated that nitric oxide is not obligatory for functional sympatholysis in exercising muscle in healthy humans. Buckwalter et al. (2004) reported that the mechanism of functional sympatholysis is not entirely mediated by NO. There is room for further investigation to clarify the mechanism underlying functional sympatholysis in exercising muscle.
There are a few experimental procedures that illustrate the relationship between functional sympatholysis and exercise intensity. Reflex increases in MSNA induced by LBNP produced similar decreases in muscle oxygenation when the muscle was at rest or when it was exercised during RHG at 5% or 10% MVC. In contrast, this sympathetically mediated decrease in muscle oxygenation was blunted during RHG at 20% MVC. Hansen et al. (1996) concluded from these results that the threshold intensity of RHG required to produce functional sympatholysis is between 10% and 20% MVC. Our results indicate that functional sympatholysis is observed during RHG at 10% MVC, and appears progressively as exercise intensity increases. Tschakovsky et al. (2002) reported that attenuation of sympathetic vasoconstriction in exercising muscle is more remarkable in heavy exercise (ϳ20-25% MVC) than moderate exercise (ϳ10-15% MVC) using an approach that combined a pharmacological technique and exercise. Dinenno and Joyner (2003) indicated that the effect of tyramine on blood flow during RHG in high exercise (ϳ20-25% MVC) was greater than in low exercise (ϳ10-15% MVC). These findings suggest that stimulation of metabolites using an increase in exercise intensity influences functional sympatholysis. Thomas et al. (1994) indicated that attenuation of sympathetic vasoconstriction in exercising muscle occurs in rat gastrocnemius-plantaris muscles (fast twitch fibers) rather than soleus muscles (slow twitch fibres). Moreover, the 596 Effect of Exercise Intensity on Functional Sympatholysis MABP enhanced significantly during exercise at 20%, and 30% MVC, with LBNP at 20%, and 30% MVC. An asterisk (*) indicates a significant difference from rest value (pϽ0.01).
Fig. 3
Summary data showing the changes in muscle oxygenation in both exercising and non-exercising muscle to LBNP pre, during, and post RHG at 10%, 20%, and 30% MVC. The attenuation of decrease on muscle oxygenation to LBNP during RHG in non-exercising muscle was not significant. However, the attenuation of decrease on muscle oxygenation to LBNP during RHG in exercising muscle increased progressively as exercise intensity increased significantly. An asterisk (*) and a hash mark (#) indicate a significant difference from pre and post values (pϽ0.01), respectively.
individual characteristics of exercising muscle fiber type may influence functional sympatholysis possibly because human forearm muscle is mixed, being composed of both slow twitch and fast twitch fibers (Sadamoto et al., 1992) . In summary, we have demonstrated that functional sympatholysis results in exercising muscle locally and that the extent of functional sympatholysis might be attributed to exercise intensity. This could enable muscle to accommodate local exercise by optimizing the distribution of blood flow between exercising and non-exercising muscle.
